The interaction of volatile organic sulfur derivatives, such as 1-heptanethiol (C 7 H 16 S), with clay minerals treated with a μ-oxo Fe 3+
Introduction
Volatile organic sulfur derivatives, such as 1-heptanethiol (C 7 H 16 S), are smelly pollutants commonly observed in natural environments and as a result of human activities. The immobilization of sulfur-bearing gas phases is thus a key target in environmental remediation. 2 O, is a fibrous octahedral Mg-rich layer silicate typically occurring as fine-grained, poorly crystalline aggregate [1, 2] . The widely accepted structure model, in the orthorhombic space group Pnan, was firstly proposed in 1956 by Brauner and Preisinger [3] . Sepiolite structure (unit cell parameters a × b × c = 13.405 × 27.016 × 5.275 Å 3 , α = β = γ = 90°) consists of an alternation of blocks and cavities that grow up along the fibres direction (c-axis). Each block consists of two tetrahedral sheets (T) sandwiching an octahedral sheet (M). The T sheet is continuous, thanks to a periodic inversion in the orientation of the apical oxygen atoms, which point alternatively up and down, bonding either to the upper or to the lower discontinuous M sheet. Each block is connected to its neighbour through an inverted Si O Si bond. Tunnels measure approximately 3.7 × 10.6 Å 2 in cross section and account in large part for the high specific surface area and excellent sorption properties related to several active sites, i.e., i) OH-anions coordinated to Mg octahedral sites; ii) structural H 2 O which completes the Mg octahedral site coordination at the edge of the tunnels; iii) four zeolitic H 2 O positions inside sepiolite tunnels [4, 5] (Fig. 1) . Furthermore, the periodic inver phen complex at pH = 5.4 and one-week exposed to 1-heptanethiol.
Fig. 1.
Sepiolite crystal-structure, viewed along c axis. The drawing was obtained using atomic coordinates reported by Post et al. (2007) [4] . The repetition of discontinuous octahedral (M) and continuous tetrahedral sheets (T) creates tunnels, c-axis elongated, filled by weakly-bound zeolitic H 2 O (circles). Unit cell is outlined by continuous lines.
sion of the tetrahedra introduces additional active sites on the "external surface" of the mineral fibres [4] . OH groups on the external surface originate as a result of broken Si O Si bonds, balancing their residual charge by accepting a proton to form Si OH groups which can react with several molecules by formation of different bonding. Due to its unique structure and specific physico-chemical properties, sepiolite is used as an adsorbent, decolorizing agent, catalyst or catalyst carrier [1, 6, 7] and as an inorganic membrane for ultra-filtration [8] . Furthermore sepiolite, together with palygorskite (a modulated layer silicate where tunnels measure of 3.7 × 6.0 Å 2 in cross section) and indigo (C  16 H  10 N  2 O 2 ), forms the famous Maya Blue pigment, well known in Cultural Heritage for its outstanding stability [9] [10] [11] .
Owing to its strong interfacial properties, sepiolite was proposed as an adsorbent of organic and metallo-organic molecules [6, 11, [13] [14] [15] [16] . Small polar molecules, such as ammonia, methanol, acetone, and ethylene glycol can be easily incorporated into the sepiolite tunnels [6, 12] , as well as much larger compounds like hexane, benzene, pyridine, methylene blue, indigo, and cetyltrimethylammonium bromide [14] [15] [16] . However, reactions with polar molecules can be affected by chemical substitutions in mineral structure as well as by different mineral morphology [17] . Computational studies were carried out to explain the diffusion process of organic compounds inside the sepiolite tunnels. More specifically, a molecular dynamics study [10, 11] and an approach based on density functional theory computation [18] indicated that indigo can be easily accommodated into the sepiolite tunnels as well as pyridine, methylene blue, and quaternary amines [19] .
Some previous studies dealing with the intercalation of lamellar layered silicates, such as montmorillonite, with cationic metal complexes, specifically Fe 3+ phenanthroline, showed that modifications by ion exchange reactions provide larger spacing between layers [20, 21] . In these layer silicates, Fe 3+
-phenanthroline complex, both on external surfaces and in the interlayer, assumes a bi-dimensional disposition. Montmorillonite treated with Fe 3+ phenanthroline can be used for the removal of sulfur containing phases from waste gasses [22, 23] , similarly to synthetic phases commonly used for the same purpose [24] . In sepiolite, hosted molecules, such as indigo, are expected to interact with water located inside structural channels due to the absence of layer charge and the needle-like morphology of the mineral, thus defining a linear rather than a bi-dimensional distribution [10, 25] .
In this study, a new hybrid material, i.e., sepiolite functionalized with the μ- 
Characterization of sepiolite and sepiolite-Fe 3 + phenanthroline hybrid materials before and after HTP exposure
Several techniques were applied to characterize the materials. X-ray powder diffraction (XRPD) analysis was carried out on natural sepiolite samples and after each treatment, to detect crystallographic variations on the mineral. The diffractometer used was a Philips X'Pert PRO equipped with X'Celerator detector (Cu-Kα radiation, 40 kV and 40 mA; 4≤ 2θ ≤ 20°, quartz as calibrating standard). The position of each peak was determined at the mid-height of the reflection, by using the software X-Pert High Score Plus.
UV-Vis measurements were recorded on a V-570 Jasco spectrophotometer. The spectrophotometer was equipped with an integrating sphere attachment (Jasco model ISN-470) and measurements were performed in the range = 220-2000 nm, by using BaSO 4 as reference. FT-IR spectra were obtained using a JASCO FT/IR 4700 spectrophotometer (resolution: 0.4cm-1) on KBr pellets.
The elemental analyses (C, H, N, S) were performed on a Carlo Erba Model 1106 Elemental Analyser.
Thermogravimetric analyses (TGA) were performed on a Seiko SSC 5200 thermal analyser equipped with a quadrupole mass spectrometer (ESS, GeneSysQuadstar 422) that analyses gases evolved during thermal reactions (MSEGA). Gas sampling by the spectrometer was via an inert, fused silicon capillary system, heated to prevent gases condensing. Measurements were performed on each air-dried sample at the following experimental conditions: heating rate: 20.0°C/min; heating range: 25-1000°C; data measurement: every 0.5 s; purging gas: ultrapure helium, flow rate: 100 μL/min. Gas analyses were carried out in Multiple Ion Detection mode (MID) which allows the qualitative deter mination of evolved gasses vs. temperature or time checking the intensity of the signals related to the m/z ratios 18 2 (where m/z is the dimensionless ratio between the mass number and the charge of an ion); SEM and FARADAY detector of the spectrometer operated at 900 V with 1 s of integration time on each measured m/z signal. To avoid differences in relative humidity, samples were equilibrated for 15 min inside the oven by a 100 μL/min flow of ultrapure helium.
NMR spectra were obtained at 300 K using a an AVANCE III HD 600 Bruker spectrometer equipped with a 2.5 mm H/X CPMAS probe operating at 600.13, 156.38, and 119.22 MHz for 1 H, 27 Al, and 29 Si, respectively. Zirconia rotors of 2.5 mm o.d. were used and spun at the magic angle. 1 H NMR spectra were obtained at 33 kHz magic angle spinning (MAS) rate, using DEPTH sequence in order to remove baseline distortions [11] . The parameters used were: 125 kHz spectral width, 10 s relaxation delay, 2.4 μs 90°pulse, 4k data points and 32 scans. The empty rotor 1 H spectrum was subtracted to compensate for background effects. The cross-polarization MAS (CP-MAS) 29 Si NMR spectra were obtained at 8 KHz MAS rate using the standard Bruker CP sequence and a 41 kHz spectral width, 3 s relaxation delay, 2.4 μs 90° 1 H pulse, rf field strength of about 62 kHz for Hartmann-Hahn match, 3 msec contact time, 4k data points, and 512, and 5k scans for SP1, EB and EB-Fe 3+ phen pH=5. 4 , respectively.
The 27 Al NMR spectra were obtained at 33 kHz MAS rates using single-pulse excitation with a 188 kHz spectral width, 2 s relaxation delay, 0.5 μs 45°pulse, 4k data points and 4k scans. All chemical shifts were referenced by adjusting the spectrometer field to the value corresponding to 38.48 ppm chemical shift for the deshielded line of the adamantane 13 C NMR signal, as previously reported [21] . Deconvolution of 29 Si, 27 Al, and 1 H NMR spectra was obtained with MNOVA 9.1.0 software.
Results

Elemental analysis
Elemental analyses (Table 1) 
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The efficiency of the interaction HPT-sepiolite was assessed by measuring changes in sulfur content. The results show that sulfur amount strongly increases with the interaction time and EB sample treated at pH 5.4 is the most effective to reduce gaseous HPT (Table 1) . Fig. 2a shows the X-ray diffraction patterns of the two starting sepiolites (SP1 and EB) in the 2θ range 5-30°. Both samples are found to be almost pure. Variation in structural ordering is a common feature in sepiolite samples of many deposits world-wide [32] . These variations can be studied through a detailed examination of the X-ray diffraction profiles.
XRD analysis
The two diffraction tracings patterns reveal significant differences in the characteristics of diffraction reflections (i.e., in peak position, width, and relative intensity) suggesting variability both in sample crystal ordering and composition [17] . However, because of the large overlapping of reflections in the sepiolite diffraction pattern, only a few peaks can be analyzed to obtain information on the d-spacing and reflection width. The peaks that form a non-overlapping reflection are (110) phen.
related to the reflections (110), (130), (131), (241), and (331). To calculate the correct position of d (001) and its width at half maximum (WHM) the correction procedure suggested by Sanchéz del Rio et al. [17] was applied.
Note that: i) SP1 sepiolite presents (110) reflection d-values at 12.15 Å whereas EB sepiolite at 12.0 Å; ii) all the reflections present lower intensity for EB and some of them are less defined (e.g., (130), (150)), suggesting a greater disorder in EB than in SP1.
After the treatment with Fe 3+ phen some changes in (110) peak position and shape occur, mostly evident for EB sepiolite; these variations could be attributed to modifications in the cell dimensions and in crystal order, namely: i) the d (110) SP1 Fe 3+ phen pH=5. 4 and d (110) SP1 Fe 3+ phen pH=2.3 peak positions slightly decrease up to 11.98 Å (Fig.  2b) Fig. 2a and b) [33] , the modifications introduced by treatments also depend on the crystallographic features of the pristine sepiolite.
X-ray diffraction spectra obtained for samples after the HTP exposure do not indicate any further variations with respect to former samples.
DR UV-Vis measurements
The UV-Vis spectra of Fe 3+ phen in solution, obtained at different concentrations, were reported by Bernini et al. [20] [21] [22] charge-transfer transition) at λ = 356 nm and two additional bands at 223 and 266 nm attributable to the aromatic ligand. In Fe 2+ phen spectrum, the band at λ = 356 nm is replaced by a band with a maximum at λ = 510 nm (attributable to a d→π* metal to ligand charge transfer transition) and two shoulders at λ = 455 and 493 nm [34] . The signals observed at about 356 and 510 nm will therefore be indicative of the presence of a phenanthroline complex of Fe 3+ and Fe 2+ , respectively. In order to confirm the interaction of Fe 3+ phen with sepiolite EB and SP1 at different pH values, the UV-Vis spectra of SP1 and EB natural samples were compared with spectra obtained for SP1 Fe 3+ phen pH=5. 4 Fig. 3 . Samples SP1 and EB both display two absorbance peaks at λ = 210 and 250 nm due to electronic transitions of the mineral. After treatment with Fe 3+ phen all samples show a broadening and an overall increase in the region from λ = 200-400 nm. This increase can be associated to the presence of peaks related to the Fe 3+ phen complex. In particular the broad band with maximum at λ = 324 nm can be assigned to the above mentioned O 2− (bridge) → Fe 3+ charge-transfer transition, typical for the ferric form of the complex. All the spectra of sepiolite samples treated with Fe 3+ phen and exposed to HPT show a composite band with the maximum at λ = 518 nm, also observed for Fe 2+ -phenanthroline complex in solution [22] . Also in this case, the signal corresponds to the d → π* metal-to-ligand charge transfer band of the Fe 2+ -phenanthroline complex. Furthermore, the band with maximum at λ = 324 nm is no longer present in samples treated at pH = 2.3 and exposed to HPT, suggesting a complete Fe
reduction. For EB-Fe 3+ phen pH=5. 4 , instead, a residual broad band at about λ = 324 nm is still present. phen at pH = 2.3. The label HPT indicates curves related to samples exposed to HPT. Curves were shifted on y axis for sake of clarity.
U N C O R R E C T E D P R O O F E. Castellini et al. Microporous and Mesoporous Materials xxx (xxxx) xxx-xxx
FT−IR measurements
The FTIR spectra of natural sepiolite samples and of sepiolite-Fe 3+ phen hybrid materials before and after exposure to HPT are shown in Fig. 4 . Some characteristic sepiolite bands are observed in the hydroxyl-stretching region: i) two bands at 3689 and 3620 cm −1 which are associated to the symmetric stretching vibration of the OH groups coordinated with Mg 2+
; ii) a band at 3568 cm −1 related to the stretching modes of H 2 O molecules coordinated with octahedral Mg 2+ cations on the channel edge; iii) two broad bands at 3363 and 3253 cm −1 that are attributed to OH stretching vibration of differently sited zeolitic water molecules along structural channels [35, 36] . The two bands at 1667 and 1619 cm −1
can be assigned to zeolitic and adsorbed water, phen at pH = 2.3. The label HPT indicates curves related to samples exposed to HTP. Curves were shifted on y axis for sake of clarity.
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respectively [37] . Bands in the 1200-400 cm −1 range represent the lattice vibrations of sepiolite, i.e., the bands of Si O Si stretching occur at 1021 cm −1 , the band at 979 cm −1
forms as a result of stretching vibration of Si O Si bonds connected by non-linear bridge oxygen [38] , respectively; ii) the transmittance of the band in the 4000-3000 cm −1 range decreases, suggesting the water molecules leave partially the sepiolite structure.
No band associated with the S H stretching vibration (sharp and weak signals at 2550−2600 cm −1
) is observed.
Thermal analysis
Thermogravimetric analyses (TGA) together with the derivative signal (DTGA) are shown in Fig. 5 .
The thermal behavior of natural sepiolite samples is here briefly summarized. In the temperature range 30-600°C, both samples indicate three distinct weight loss steps with maxima below 100°C (SP1 = 93°C; EB = 80°C), between 250 and 350°C (SP1 = 315°C; EB = 302°C), and between 350 and 600°C (SP1 = 535°C; EB = 513°C). The first endothermic effect with mass loss (wt%) of 11.90% (SP1) and 10.07% (EB) is due to the loss of hygroscopic and zeolitic H 2 O; the second peak with mass loss of 3.18% (SP1) and 3.74% (EB) is due to the loss of part of the structural H 2 O. The release of structural H 2 O continues up to 600°C (wt%: SP1 = 2.49%; EB = 3.28%). After the second dehydration step the complete collapse of sepiolite channels occurs [4, 14] . At higher temperature values SP1 shows a well-defined effect at 835°C (wt% = 2.35) whereas sample EB evidences three broad effects at about 737, 797, and 815°C (overall wt% = 4.30). This different behavior can be possibly associated either to tetrahedral and octahedral substitutions that are more frequent in EB sample with respect to SP1 sample, or to the different morphology with EB showing greater variability in fibres dimensions with respect to the larger and more regular ones observed in SP1, as indicated in literature [17] and confirmed by our XRPD data. These endothermic re actions, related to dehydroxylation, transform sepiolite into the amorphous phase meta-sepiolite [42] . The exothermic peak at 843 and 822°C in SP1 and EB, respectively (observed in differential thermal curves and not graphically reported here), is attributed to the re-crystallization of the dehydroxylated phase and to the formation of enstatite (MgSiO 3 ). The evolved gas during thermal analysis (MSEGA), are all related to the dehydration or dehydoxylation relations (release of H 2 O, m/z = 18, Figs. 6 and 7) .
In the thermal range 25-600°C, the DTGA (Fig. 5a and b) and MSEGA (Figs. 6 and 7 (Figs. 6 and 7) .
No release of H 2 S (m/z = 34) and NO 2 (m/z = 46) was observed in the investigated thermal range. Fig. 8 compares the CP-MAS 29 Si NMR spectra of samples SP1 and EB. Three major signals at −97.2, −94.2, and −91.7 ppm, corresponding to type 1 (edge), 3 (centre), and 2 (near edge) Si sites, respectively, are present [25] . A fourth resonance at −85.2 ppm, low in SP1, is clearly detected in EB sepiolite sample. It has been assigned to Q 2 29 Si OH nuclei [43] and indicates the presence of a higher number of these sites in EB with respect to SP1.
NMR analysis
Moreover, 29 Si signals are broader in EB and deconvolution shows that this broadness could be due to a broad component at about −96 ppm (Fig. SM1) . This points to a certain distortion of the structure of EB sepiolite with respect to SP1.
The 27 Al NMR spectra of EB and SP1 are reported in Fig. 9 and are quite different. In SP1 the majority of Al 3+ ions are found in octahedral sites, and only about 25% in tetrahedral ones, whereas in EB 2:3 Al 3+ ions are found in tetrahedral sites (Fig. SM2) . Two of them are distinguished at 67.7 and 58.9 ppm and the former is absent in SP1. 6 phen at pH = 2.3. The label HTP indicates curves of samples exposed to HPT. DTGA curves were shifted on y axis for sake of clarity.
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The deshielded chemical shift of this signal can be related to a distortion of the corresponding O Al O bond angles (the higher the bond angle the higher the chemical shift) [44] . 29 
Si and 27
Al data are resumed in Table 2 .
Discussion
The interaction of Fe 3+ phen with sepiolite is influenced by the mineral crystal order. SP1 shows a higher crystal order than EB, as demonstrated by narrower peaks in the X-ray spectra. When treated with Fe 3+ phen, the two samples show different binding efficiency, with EB demonstrating a significant higher adsorption capacity at the same treatment conditions. Adsorption is also favored in both samples at pH 5.4 when compared to pH 2.3. At this lower pH value long-range struc tural order of EB sample is strongly compromised, as demonstrated by the absence of peaks in XRD spectra.
Treatment with Fe 3+
phen reduces the amount of hygroscopic and zeolitic water in both samples. For natural SP1 and EB samples, thermogravimetric analyses show water release below 100°C of 11.9 and 10.07 wt%, respectively. After Fe 3+ phen treatment, this process is observed at lower temperature and is associated to a decrease of the weight loss amount, i.e. 3.85 and 2.21 wt% at pH 2.3 and 6.18 and 3.83 wt% at pH 5.4 for SP1 and EB, respectively. All these data suggest that a more efficient adsorption process is associated to a lowering in hygroscopic and zeolitic water content present in the treated sample. The decrease of hygroscopic and zeolitic water following Fe 3+ phen treatment is also confirmed by NMR data, revealing also an effect over the feature associated to Mg OH and Si OH moieties (Figs. SM3-SM5).
Microporous and Mesoporous Materials xxx (xxxx) xxx-xxx IR spectra (Fig. 4 and SM7) show a variation at 3688 cm −1 in Fe 3+
phen-treated samples. This modification can be attributed to the OH groups involved in the Mg 2+
OH symmetric stretching vibrations [45] . All these data are consistent with Fe 3+ phen location not only on the external surface of the mineral, but also on the channels hosting zeolitic water. In this case, the Fe 3+ phen aromatic rings within sepiolite channels should be very close to the structural hydroxyl protons of sepiolite, as also inferred from NMR results (Fig. SM3) .
As already found for montmorillonite, the exposure of samples treated with Fe 3+ phen to HTP does not induce significant modification of layer structure as evidenced by XRPD data, but rather remarkable ef fects on pristine Fe 3+ phen, with reduction of Fe 3+ to Fe 2+ [22] . Fe 3+ to Fe 2+
reduction is likely associated with the oxidation of thiol to disulfide in a redox pathway. After that, the resulting Fe 2+ phen rapidly binds a first thiolate ion and, possibly, a second one, according to the following mechanism in which coordinated H 2 O molecules are omitted for clarity sake [22] :
(1) 8 . 29 Si CP-MAS NMR spectra of SP1 and EB. Fig. 9 . 27 Al NMR spectra of SP1 and EB.
(2)
corresponding to the overall reaction:
Thiol is not physi-adsorbed into sepiolite structure, as evidenced by the absence in IR spectra (Fig. 4) of the typical signal related to S H stretching (2550−2600 cm −1 ) that should otherwise be present. Both Fe 3+ phen-treated montmorillonite and sepiolite can thus be used, at room temperature, for removal of thiols present in gas phases. Sepiolite is, however, definitely more effective, as demonstrated by a sulfur content in the reaction products significantly greater than in montmorillonite, although the amount of iron complex adsorbed per unit of mass of sepiolite is extremely less than that immobilized by montmorillonite. In fact, sulfur content in sepiolite SP1 is 8.36% (pH = 2.3) and 14.88% (pH = 5.4), while in sepiolite EB is 12.99% (pH = 2.3) and 19.42% (pH = 5.4). In montmorillonite sulfur content is 5.2% and is independent on pH value. The total thiol immobilized by montmorillonite treated with Fe 3+
phen is the stoichiometric one, corresponding to 3 thiol molecules per iron. The fact that the Fe 3+ phen complex immobilized on sepiolite leads to thiol immobilization in much higher quantities than obtained on montmorillonite suggests the presence of a catalytic oxidation mechanism of thiol superimposed on the above mechanism ( (1)- (3)). In fact in montmorillonite treated with Fe 3+
phen the limit value of the molar ratio S/Fe is 3 [22] , while for SP1 at pH 2.3 and 5.4 it is 40 and 81, respectively, and for EB at pH 2.3 and 5.4 it is 49 and 99, respectively. Nevertheless, we can not exclude that the larger space availability for thiol inside sepiolite channels with respect to montmorillonite interlayer which is filled by strongly intercalated complex molecules could be a further reason for the higher sulfur storage in sepiolite with respect to montmorillonite.
Conclusions
Fe 3+
phen complex, immobilized on mineral surfaces, is extremely effective as a gas trap for thiols; its efficiency, however, is strongly conditioned by the nature of the interacting surface (or interlayer). This complex adsorbed on sepiolite is able to catch much higher amounts of thiol than the stoichiometric one, probably through a catalytic oxidation mechanism that, conversely, does not occur when Fe 3+ phen is intercalated in montmorillonite. The efficiency of this catalytic process, in turn, is significantly affected by the structural features of sepiolite and by pH, as evidenced by the fact that sepiolite EB works better than sepiolite SP1 and thiol removal is larger at pH 5.4 with respect to pH 2.3. The optimization of an immobilization process of an active chemical species on a mineral surface, therefore, should involve also the tun Si OH Q 3 29 Si(1) Q 3 29 Si(2) Q 3 29 Si ( [25] . b M = octahedral sites, T = tetrahedral sites (Smith, 1993) [44] .
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ing of the physico-chemical and structural properties of the surface itself.
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